RBsumC. -Dans cet article aprbs un bref historique de la chimie des plasmas et une courte description des different~ types de plasmas utilisks et de leurs moyens de production, nous prksentons le rtacteur de chimie des plasmas avec les differents problemes rencontres, notamment le melange des reactifs, la trempe des produits et la catalyse. Nous continuons alors par une discussion sur les techniques de diagnostic utilisees en chimie des plasmas tant pour le plasma lui-meme : mesure spectroscopique de la temperature et de la population des Ctats excites, fluorescence laser, mesure de la vitesse des gaz et spectroscopie de masse des ions, que pour les materiaux en phases condenstes introduits dans le plasma : vitesse, temperature de surface, population et diamttre des particules. Pour les reactions en phase homogbne un bref rappel des calculs a Sequilibre et de la cinetique des reactions est suivi par des exemples d'applications de tels calculs sur des experiences rtelles : synthbse des oxydes d'azote dans un generateur a arc en courant continu, synthese de l'acetylbne et de l'acide cyanhydrique dans une torche haute frkquence, synthese de composCs organiques avec le metastable moleculaire de l'oxygene 0, ' A , produit dans une dtcharge H F a basse pression. Pour les reactions en phase heterogene, nous rappelons tout d'abord le calcul des propribtes thermodynamiques et de transport du plasma, puis nous considtrons les problbmes de transfert de chaleur et de masse plasma-particules Les applications illustrant ces calculs sont d'abord celles oh le materiau trait6 subit dans le plasma uniquement un changement de structure physique : projection par plasma, spheroldisation, vaporisation, condensation puis celles ou il est le siege d'une transformation chimique.
1. Introduction. -1 . 1 HISTORICAL. - The first laboratory reaction of plasma chemistry was the synthesis of acetylene in 1797 by Henry and Dalton, although they were not aware of the fact that they were doing plasma chemistry with their capacitive discharge in methane. The first industrial plasma chemistry process was the synthesis of nitric oxide in an A.C. arc by Birkeland and Eyde [l] at the end of the nineteenth century. Unfortunately the empirical work done between 1880 and 1910 on chemical reactions in electric discharges was soon forgotten because the plasma was almost completely unknown and it was impossible to correlate any properties of the products obtained to the discharge.
Only a few decades ago, the number of studies in plasma chemistry increased considerably. The progress in the knowledge of plasmas allowed a better understanding of the role of the plasma components leading to a chemistry that takes into account not only neutral species and ions but also electrons, excited species (specially the metastables ones with a long life time often responsible of specific reactions) and also, if necessary, photons. While numerous studies of elementary and simple reactions were developed under laboratory conditions with electric discharges, a large number of results is due to the research on the earth atmosphere chemistry, on the atmosphere of others planets and of the space. To illustrate this let us give some examples with the simplest molecules at 300 K. So the metastable states, even if their concentration is low must be taken into account as a distinct chemical specie.
In the seventies, with the improvement of measurement techniques, important progress have been made in the understanding of the phenomena and of the dynamics of chemical reactions in plasmas. The measurements show that, in almost all the cases, the plasmas used in plasma chemistry are out of equilibrium. Work in molecular physics allowed an understanding and modelisation of non equilibrium reactors defining the role of the kinetic, electronic, vibrational and rotational excitations and measuring the disequilibrium between these differents forms of excitation [2 to 51.
In this paper, after a short description of the plasmas used in plasma chemistry and of the means of production, we will recall the essential points of a plasma chemical reactor and the measurement techniques that can be used, either in homogeneous or in heterogeneous reactions. Then we will describe, through a few examples, how gaseous and heterogeneous reactions can be modeled mathematically with emphasis on what we know (or we believe to know) and what we would like to know better.
1.2 THE DIFFERENT TYPES OF PLASMA. -Many types of plasmas with different physical properties, usually produced by electrical discharge, have been described. Their state is characterized by the electron energy (kT,) and electron density (n,) figure 1 [6] . The plasmas used in plasma chemistry are high and low pressure arcs and glow discharges. In general, when the pressure is lowered the ratio T,/Th, the electron temperature to the heavy particles temperature, increases from about one at one atmosphere to about 100 for pressures under 1 torr. It is the same when one considers the intensity of the discharge current; more than 50 A for a ratio of about one (almost equilibrium) and less than 1 A for a ratio lower than 50. With high Te/Th, one has a high electron energy and a gas temperature near ambient. These plasmas are very well suited for the chemistry of materials sensitive to temperature effects (organic compounds for example), although electric power is usually small and the mass treated is rather low (a few mg/s). On the contrary the plasmas near equilibrium have a rather high gas temperature (a few thousand K) and they are well suited for reactions that needs high enthalpy transfer (fusion, spheroidisation, spraying, vaporisation) or for the synthesis of inorganic materials such as ceramics, small molecules (NO, C,H,, HCN, ...). The electric power is high (up to 5 MW) and the mass treated important (a few g/s to hundreds gjs). But often the temperature and density gradients are high along the radius of the plasma and it is difficult to get the same treatment for the products injected. Moreover in most cases one injects the cold reactants into the plasma jet after the electrodes and the resulting mixture is quite out of equilibrium (T,, -1 000-2 000 K and T, -5 000-10 000 K).
The plasmas mainly used in plasma chemistry are, in a stationnary situation, corona discharge, glow discharge, high frequency (HF) plasma torches, microwave (M W) discharges and arcs. The electrons are the principal vector of energy. Their mean energy -u is such that the energy losses by elastic or inelastic collisions with the heavy particles, drift and diffusion to the walls or electrodes, balance the gain of energy due to the electric field. For positive column the gain frequency of charged particles is determined by the electric field E/p (V/cm/torr) and the loss frequency by the reduced radius R.p [7] . With high fields (Ejp > 50-100) the motion of electron is beam like, such is the case of the corona discharge. With medium (1 < E/p < 100) electric field, the glow, HF and MW discharges at low pressure and low current are governed by the same energy loss of electrons (mainly inelastic collisions) as in corona discharge. On the contrary in discharges near equilibrium (high pressure HF and MW discharges and arcs) with a low electric field (E/p < 5) the energy loss of the electrons is due also to elastic collisions. It is then possible to define a critical value E/p above which practically the total energy delivered by the generattjr is fed primarily into excitation, dissociation and ionisation.
In DC and AC plasma generators the electrons reach the anode and give rise to losses and to the creation of secondary species (pollution of the plasma). On the contrary with high frequencies, the polarity of the field is reversed in such a short time compared to the transit time of the electrons that only a very low percentage of them can reach the electrodes, in that case (HF and MW discharges) the electrodes can be disposed outside of the reactor and their is no pollution or catalysis with them.
We will not describe the glow discharge now well know [8] usually used at pressures under 100 torr and with powers less than 1 kW.
The corona discharges usually with a power up to I kW, a voltage up to 30 kV and a frequency up to 500 kHz is now used on industrial scale for ozone synthesis [9] and for the treatment of polyethylene films [lo] .
The microwave discharge allows excellent concentration of the electric field inside the cavity and, due to the low value of the wave length, the diameter of the plasma may be reduced to less than one centimeter. The electric field with a frequency o penetrates the plasma for an electron density less than that corresponding to plasma resonance [Ill. Therefore the frequencies usually used are in the range 200-3 000 MHz, that plasma being produced with a resonant cavity [12] . Three years ago, a new method of microwave plasma generation was discovered and the production of long plasma columns was achieved by propagation of a surface wave [13] . For example working at 915 MHz with argon at atmospheric pressure it is possible to achieve column length of 50 cm with power of 700 W. The column diameter is about 1 mm and there is no LTE (electron density of 3 x 1014/cm3 and excitation temperature about 3 000 K).
The HF torches (between 1 and 20 MHz) are the most widly used with pressures between 1 torr and 5 atmosphere. With a life time of 2 300 hrs an H F plasma device can work with a power up to 1 MW, with about 40-60 % of the energy transfered to the plasma [14] . They can be used with agressive gases such as oxygen [1.4], chlorine [15] or UF, [16] . The most often used technique of coupling is by induction. The minimum power necessary for self a sustained inductive discharge is determined by the gas nature, its pressure and the frequency of the electromagnetic field ; the cost of the source is reduced as the frequency is reduced from the MHz range to the hundreds of kHz range, unfortunately the minimum power increases from less than 10 kW to hundreds of kW unless the electrical conductivity is increased by the addition of an impurity (K, Cs, ...) which is very polluting in plasma chemistry. Capacitive coupling leads to the formation of a phase shift between the electrodes and discharge current, thus reducing the efficiency of the discharge, but the minimum power for a self sustained discharge is lower than with induction coupling (for example [14] in the range 10-20 MHz, this minimum power is 0.2 kW for air and 1.0 kW for hydrogen operation).
DC or AC arcs are used mostly at atmospheric pressure when a high energy transfer is necessary (for example with solid reactants). The energy density is much higher than in HF torches at atmospheric pressure but the mean speed of the gas is very high (hundreds of m/s) so the residence time of the reactants is short. The first design of the torch was given in 1957 by Gage [17] : the arc is struck between a cathode rod and a nozzle anode. The forced gas flow extends the arc in the nozzle anode which is strongly cooled. Various torch configurations are possible depending upon stabilisation mode : tangential gas input in the arc channel (Fig. 2a) , axial gas input along the cathode (Fig. 2b) , segmented anode arc (Fig. 2c) , magnetic rotation of the arc root, self induced by the arc current (more than 8 000 A) or externally generated ( is usually of tungsten with thorium or carbon, the erosion of a W cathode is about 10-9-10-'0 g/c with a life time of 150 hrs approximately. Some metals like zirconium or hafnium may be used in presence of oxygen but their life time is less than 20 hrs.
The thermal efficiency of such generators is up to 80 % depending on the gas nature, its flow rate and of the arc intensity and voltage. Torches up to 5 MW have been tested [18 to 341. Some torches stabilized with liquids have been also developped, for example, the Lonza Corp [35] 250 kW torch stabilized by alcohol flow with a consumable carbon cathode.
When using AC current, in most cases the electrodes are made of copper, the arc striking between two tubes (Fig. 3) as in the design proposed by Fey [36] with power up to 1 M W. The arc rotates under the influence of a magnetic field and a tangential gas inlet. In order to avoid arc extinction a high frequency voltage is superimposed on the arc current [37, 381. 1.3 THE PLASMA CHEMISTRY REACTOR. -Generally [6] the experimental considerations in plasma chemistry may be divided into three parts (Fig. 4) corresponding as first approximation to the three stages of the reaction -plasma generation, -mixing of the reactants and reactions, -quenching and recuperation of the formed products.
Unfortunately, plasma generation is not independent of the choice of the source and is of considerable importance for the others stages and the reactor must be conceived around the plasma source.
1 .3.1 Mixing of the reactants with the plasma. -As we can see is figure 4 the mixing can be done before or after the plasma generation. It is much more complicated to realize the mixing at high heavy particles temperature (because of the high viscosity of the plasma) but in all cases mixing inside the plasma, or just after the plasma generation, is a difficult technological problem and many studies have been carried out to determine the optimal injection mode [39 B 411. Original systems have also been proposed such as hollow or porous cathodes [42] , consumables cathodes and volatiles anodes [43, 441 . Liquid injection may be realised with an ultrasonic atomizer [45] and solid particle injection is always a difficult problem. 1 .3.1.1 Mixing before the generator. -In this case all the problems of mixing a cold gas with a plasma are solved but one has to be sure, as soon as the plasma is in contact with electrodes, that there is nd reaction with them. For example a lot of precautions must be taken to use oxygen or chlorine in arcs. or to inject solid particles in the arcs using the Maecker effect [46] .
Even if all the technical problems have been solved to inject the reactants before the plasma generation one has to think about the excitation of the reactants in the plasma because in this case there might be no selective excitation. For example if one injects oxygen and nitrogen into a HF plasma before the plasma generation the NO synthesis might be decreased because, in certain conditions the main processes are :
and it is preferable to dissociate only N, to get N and then to inject cold 0, after plasma generation.
A good example of selective plasma chemistry is the use of metastable levels to transfer their energy to the required excited states, for example excitation of N, by A' : and then reaction with oxygen.
1 .3.1.2 ~i x i n~ after plasma generation. -In this case there are no problems with electrodes but the injection of a cold reactant in an extinguishing plasma is often difficult, specially if it is a hot heavy particles plasma (near ETL) and this injection modifies strongly the plasma excitations and temperatures. One has to study the heat and mass transfer and the excitation transfer that often becomes the main reaction process. To withdraw excess energy from the excited new species which are formed.
To prevent the inverse reactions that destroy the new products. This is obtained by : -excess energy removal, that is to say the reduction of the kinetic temperature that governs the creation-destruction equilibriums, -the more or less specific destruction of the electronic and vibrational excited species (walls, collisions, recombinaisons) that can induce new reactions, some time undesirable. As well in hot as in cold plasma, in most cases of plasma chemistry, quenching is the most important phenomena determining whether a new product is obtained or not.
When the reaction takes place in a hot heavy particles plasma, the speed of quenching in its classical meaning is of first importance and the quenching techniques are characterized by the quenching speed usually between lo5 and lo8 K/s. The techniques used are : the fast expansion of the jet in a Lava1 nozzle [47] (v = lo7 K/s), contact with cold walls [48 to 521 (v = lo7 to lo8 K/s), liquid pulverisation [51 to 531, cold gas injection [54] .
Of course the exact role of the quenching must be defined through the kinetics of the reactions if known but it is also important to emphasize that the moment of the quenching and the law of quenching (dT/IT = f(T)) is of primary importance for the results obtained. For example Polak [55] has shown that a delay 2 x lo-, s gives a reduction of the acetylene conversion from 15.5 % to 10 % and that a decrease of the quenching speed from lo8 to lo7 K/s gives a reduction of the nitrogen conversion to NO from 9.6 to 6.4 %.
.3.3
Catalysis. -Very few works have been devoted to catalysis in plasma. Some work has been done in homogeneous catalysis such as 0, dissociation with N, and NO [52] , N, dissociation with 0, and SF, [57] or with HCl [58] or with other gases [59] . Heterogeneous catalysis has been studied for the production of C,H, and aniline in a plasma of NH,-C,H, with Ni [60] , propane craking in an argon plasma with Fe, NH, decomposition or NO synthesis with Fe, Ag, Ca, Pt, Pd, Ni [61 to 671. Unfortunately due to the complexity of the phenomena no real mechanism has been proposed. However in all cases the chemical rate of the reaction has been increased. For example Rapakoulias [68] has shown that, in a nitrogen HF plasma where CH, is injected, catalysis with iron increases the conversion of C to HCN from 38 % to 60 % with a N/C ratio of 30 and Cavadias [69] has shown that with WO, the conversion of Nitrogen to NO increases from 9 to 18 % in a N,-0, HF plasma, with an induced energy of 80 kcall N1. The problem is to understand what exactly happens, this results being obtained in one type of experiment and may be due to an improvement of the reactor performance in presence of metallic or oxides vapours.
1.4 MEASUREMENTS IN PLASMA CHEMISTRY. -It is of prime importance to know the gas temperatures and gas velocities, the population of the excited states, the electron density and the temperatures and velocities of the condensed materials injected. Unfortunately these measurements, with the complex molecules encountered in plasma chemistry, are rather difficult from the experimental and theorical point of view, but the results, however approximate, are important to understand what happens during plasma treatment.
1 .4.1 Plasm? diagnostic. -1 .4.1.1 Spectroscopic diagnostic of temperatures and population of equilibrium has been extensively studied from a theoretical point of view by Griem [70] and Drawin [71] , it has also been studied experimentally and compared with theory, for hydrogen, helium, and argon [72, 731 and recently for nitrogen [2] . The equilibrium conditions are generally stated from characteristic time and length for the process under consideration, compared to characteristic time and length of a plasma parameter. The following processes have to be studied : -collision times between different particles 174, 751, -Maxwellisation times [76] , -energy relaxations [77 to 8 11, -kinetics of reactions [82] ,
-diffusion lengths [71, 821, -equilibrium population of energy levels [71] .
The characteristic parameters generally considered are the temperature and electron density which is of first importance under equilibrium conditions [83] . For example, with a DC plasma generator, two different zones have been pointed out in a nitrogen plasma jet at atmospheric pressure [82] .
The first zone is such that 1015 < n, < 1017 cmand 9 000 K < T < 15 000 K, and the different criteria show that CLTE is realized. The second zone has a low electronic density 1012 < n, < 1014 ~m -~, and a quite low temperature 3 000 K < T < 7 000 K and equilibrium is not realized, this is in part due to diffusion. everth he less in the two cases, the relaxation times of rotation-rotation, and rotation-translation exchanges are sufficiently low to consider the rotational and the translational temperatures to be equal.
For the spectroscopic diagnostic, one must note that : -the lines must have a high intensity compared to the continuum, -the lines must be well separated, -at atmospheric pressure, an Abel's inversion 1841 is generally needed.
The main diagnostics used are the following :
-The continuum emission due to free-free and free-bound radiation is well suited for temperatures between 8 000 K and 14 000 K. The continuum intensity is proportional to N~~/JT, it has been studied for nitrogen [85] , argon [86] , helium 1861, hydrogen 1871 and air [88] .
-The ratio of two line intensities or the Boltzmann plot [84] gives an excitation temperature [2] . Figure 5 shows for example [2] a temperature chart of-a nitrogen plasma jet. These measurements have been performed spectroscopically with an automatic data acquisition system connected to a computer, which reduced the measurements time of the excitation temperature to a few hours including Abel's inversion. -When purely Stark, the atomic line profiles are well suited for the measurement of electron density (usually one uses Stark width of hydrogen or helium lines with either gases introduced in low quantity (less than 0.5 %) in the plasma gas) [70] .
-When purely Doppler, the atomic line profile gives the neutral kinetic temperature.
-When the line profile is due to both contributions, Stark and Doppler, the respective broadening must be separated, and one needs a high resolution apparatus. The most often studied profiles are those of argon [89] , helium [90] and nitrogen [2] .
-When the excitation temperature is known, absolute intensity of lines can be used to measure the upper level population of the transition considered.
-When the lines are sufficiently separated molecular band spectra are used to measure the rotational temperature (equal to the translational one). But even when the lines are not separated, comparison between the experimental profile and a set of calculated profiles versus temperature give rather good information especially below 6 000 K [84, 2, 911 . This method is rather useful1 for the measurement with complex spectra due to the emission of different molecular bands that overlap as for example in mixtures of N2-0, or SiC1,-N2 or H2 as used in plasma chemistry. For example [91] , figure 6 shows the calculated NO (y band 0-2 and 1-3) at 5 000 K and the experimental corresponding spectra. 1.4.1 .2 Laser fluorescence spectroscopy. -The development of tunable lasers with the possibility ofdoubling the frequency provides new possibilities to determine particle densities for a given atomic or molecular specie (in ground or excited states) or to study liquid droplets or micrometric powders.
(a I
In the last two cases, photon elastic scattering is for atoms and molecules respectively). Fluorescence study is also used (a -10-l8 cm2) and Raman
Most of the measurements performed in plasma chemistry use fluorescence. The main problem is then to get sufficiently high laser intensity to achieve saturation and to get a fluorescence signal independent of the laser intensity and only proportional to the density of the particle in the lower state. For example a calculation made in the laboratory shows that for a laser pulse tuned to a rotational line of an electronic transition of the NO(y) band the energy density must be greater than 2.5 J/m2. But even if the pulse energy density is not sufficient to get saturation some models have been proposed to calculate the non saturation case, for example, with atomic lines [7] . In all the cases this method requires a fast electronic, due to the desexcitation time of the excited states (a few nanosecond). As it is necessary to focus the laser beam in a few hundredth of microns volume, it is possible, when observing at 900 of the laser beam, to avoid the Abel inversion to measure the local concentrations. This method is now one of the most promising one to get information on the chemical reactions between excited states and physicist began to study the kinetic constants in simple gases like nitrogen [92] , helium [93, 941, argon [95] and hydrogen [96, 971. 1 .4.1.3 Plasma gas velocity measurements. -Under the assumption of LTCE a rather simple method consist in measuring the dynamic pressure of the gas with a probe. But, in that case, the probe disturbs the plasma flow, so that it must be precisely profiled [98, 991 . Figure 7 shows the velocity distribution of an Ar-Hz DC plasma jet [loo] .
-Another technique consists of the observation of a small electrical perturbation superimposed on the discharge [101, 1021. The use of a pulsed laser now offers new opportunities for this type of measurement.
-A third technique uses very small particles injected into the plasma. The particles velocity, supposed to be the same as that of the gas, can by measured by laser anemometry in HF or DC plasmas [103, 104, 1051.
-Finally for very high velocities (higher than 2 000 m/s) it is possible to utilize the Doppler shift of the lines [106] . 1 .4.1. 4 Mass spectroscopy of ions. -For low pressure plasma, by a small extraction aperture or wall probe, ions are extracted from plasma and by two additional apertures are led to the mass-spectrometer, where an additional grid may allow an energy analysis. With such a device, used essentially for low pressure plasma, neutral as well as positive or negative ions can be analyzed by measuring current densities and energy. The main problem is the interpretation of the results because in front of the probe a sheat'h in formed, which changes the properties of the particles coming from the plasma to the probe. A lot of studies have been devoted to this problem and, for example, one can find a detailed analysis in [ shows the axial and radial velocity of alumina particles injected in a nitrogen-hydrogen plasma.
1 .4.2.2 Temperature of condensed particles. The analysis of the radiation emitted from the surface of the particles gives the radiation temperature. This method has been used by Bonet; a monochromatic photograph of the moving particles is recorded through a pyrometer which gives the reference radiation [120].
-Lesinski [I211 has developed a similar method by using a photomultiplier in place of camera, the reference radiation is given by a hole travelling very rapidly in front of a reference tungsten ribbon lamp. This method has been refined by Vardelle [104] , who has made a statistical treatment of the received signals. The main difficulties with this system is to know exactly the particle diameters, and their emissivities. Figure 9 shows the temperature of alumina particles along the axis of a nitrogen hydrogen plasma jet. the scattered light at 90° with a diaphragm of 100 pm a ponctual measurement can be achieved and for example figure 10 shows the distribution of alumina particles injected in a nitrogen DC plasma jet.
-The diameter of the particles (very important for the temperature measurement) may be measured also through the scattered laser radiation. For example, Penner [122] gives the conditions to be filled, and the theoretical curves needed, to define lognormal particle-size distributions from measured half widths and detectabilities of scattered laser power spectra.
2. Plasma chemical reaction in homogeneous phase.
-In this case the plasma may be considered some times as in equilibrium, but in any case the quenching of the products is always out of equilibrium.
EQUILIBRIUM CALCULATIONS.
-Under ideal conditions of thermodynamic equilibrium it is possible to determine the products resulting from a given treatment but the problem is to know to which extent calculations assuming this equilibrium are applicable to real systems. For that the chemical reaction must proceed more rapidly than the physical phenomena such as relaxation of energy levels or maxwellisation. For example with a very simple calculation one can say that on the axis of a DC plasma jet the temperature varies by 1 % in 2.5 x lop5 m, so that at 250 m/s a variation of temperature of 1 % corresponds to s, so in order that thermodynamic equilibrium can be applied the reactions times must be less than lo-' s. , (mml powder feeder 1.691s
The results obtained must be considered very
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carefully but usually they give some qualitative indications about what happens. For example [91] , if one consider a mixture of N,-0, at equilibrium at atmospheric pressure, figure 11 , the maximum of NO one could obtain is 6.5 % at 3 500 K, but as we will see, it is possible as a function of the quenching threshold temperature in the range 2 500-3 000 K. and assuming the thermodynamic temperature of the system is assigned to follow a law, T = f (t), at constant pressure, the time dependance of the chemical composition of the system is calculated by solving the following differential system
..) n ypl and p = -
The solution is generally obtained by numerical integration methods, which must be highly stable one, as the problems encountered are locally exponential giving rise to the phenomenon called stzffness. Warner [130] gives a critical review of the different methods that can be used. However the main problem is due to a poor knowledge of the specific reaction rates kj. This quantities are strongly temperature dependent and as the Arrhenius law is not sufficient in plasmas one has to take into account the potential energy of each reaction. But each chemical reaction usually consists of a set of elementary steps involving a group of molecules or atoms which gives the final reaction products after rearrangement. During an elementary step, the evolution of the system may be described by the trajectory of a representative point moving on the potential surface. In the general case the system moving on the surface must jump over a -In this case (low pressure plasma) one neglects the temperature variation and the processes taken into account [134, 13-51 are the collisions process (mainly through the electrons and the metastables states) for ionisation, recombination, excitation and desexcitation and spontaneous radiative transitions and radiative recombination. The system of eq. (1) must then be solved with some additional condition about the evolution of the electron population (generally imposed by the experimental conditions). As in the preceeding case the problem is the determination of kj. One also has to take care when neglecting the terms corresponding to small values of k (see the characteristics values of Z0 in the preceeding section) that in the equation it is the product of the population by k that is involved.
EXAMPLE : NO SYNTHESIS IN A DC PLASMA JET.
-As shown by the numerous papers presented at the last Symposium on plasma chemistry the NO synthesis in plasma is a research field actuality. In Limoges we have studied this synthesis with a DC plasma jet (up to 30 kW) [91] . The plasma gasmixture of N, and 0, is introduced along the cathode and cold oxygen is injected downstream the arc into the nozzle and thus contributes to the quenching which is completely achieved by removing the gaseous products through a water cooled probe. This device works with powers between 5 and 27 kW corresponding to specific enthalpy between 1.4 and 7.7 kWh/kg and the gas flow velocity at the nozzle exit measured without oxygen injection is between 500 and 1 000 m/s.
The experimental results [136, 1371 have pointed out at atmospheric pressure that : -energetic consumption is minimal with an N, initial molar fraction of 50 %, -nozzle must be long enough to prevent the arc root ta stay downstream the cold oxygen injection, -cold wall quenching device allows to increase NO molar fraction and to reduce energetic consumption, -the best results are obtained with a plasma of pure nitrogen with 25 kWh/kg of NO and a nitrogen conversion to NO of 9 %.
To explain such results (the equilibrium conditions gives a maximum of 6.5 % at 3 500 K) one has considered the following reactions for T < 5 000 K with the kinetics constants gathered by Prud'hommes [138] and these recommended by Baulch [139] . The temperature evolution of the gas in the plasma has been determined by assuming a mean enthalpy temperature (homogeneous temperature in the nozzle) varying with a parabolic law for heating and quenching as represented on figure 13 . At the beginning [137], as one can see on figure 14 , the reaction (4) is responsible of the NO production and the NO production rate is maximum between 8 and 12 s. This simplified model gives a rather good agreement with the experimental results and it has emphasized the importance of the heating rate, which as far as we 
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Fig. 14. -Evolution of the NO rate production as a function of time (after [136]).
know, have never been mentioned before, and also the necessity to have a high quenching rate (lo8 K/s at the beginning). reaction with A 3C (metastable state). We have to mention that this hypothesis neglecting the atoms and specially the NZD metastable state might be over simplified specially when one reminds that the dissociation of the C 317, state gives N2D and N4S. For a given N/C ratio the experimental results show an increase of HCN conversion and an increase followed by a decrease of CzH2 with the increase of the specific energy and an increase of the nitrogen flow rate. C2H2 conversion decreases and HCN increases with the increase of the pressure. To explain this results a simplified kinetic model (with no temperature evolution) has been proposed 1681 postulating that the fixation rate is much greater than the transfer reaction rate and that the density of A 3Z states is greater than the density of C 3h' states. the reaction is represented on figure 16 , where Nf* corresponds to N2(C 3fl,) and Nz to N2(A 3Z,). The fixation reaction with, as a first step, dissociation of N2(C 3L' ,) is favorized by a high vibration energy (low pressure) but the most important step is the quenching of the highly excited formed HCN, favorized by a high rotation temperature (high pressure) as indicated by the experimental results. The introduction of a molybdenum grating in the mixing area of the cold methane and nitrogen plasma was noted [68] to produce an increase in HCN conversion. This seems to be due to a catalytic effect of the grating which leads to a decrease of the excitation transfer (C2H2) and an increase of the fixation reaction (HCN). Neglecting a possible quenching effect on the surface of the hot metal (because a simple calculation leads to a quenching rate smaller than lo5 K/s), the experimental results are interpreted [68] as a catalytic effect at the surface of the metal : the effect increases with the number of wires and the position of the grating is very important, the maximum of conversion being obtained right in the mixing zone. If the wires are vapourized the quantity of fixed nitrogen decreases. Figure 16 indicates the mechanism proposed by Rapakoulias [68] : a chimisorption by the metal of an excited A 3~, + N2 molecules breaking the N-N bounding, the nitrogen atoms reacting with CH, or its fragments to give an . These states may act along different ways. Their high internal energy may be relaxed by collisions and help to pass the activation barrier of the reaction. In other cases it is the electronic configuration of the metastable state that gives to the reaction a stereochemistry which is different from that of the fundamental state. The exact role of the metastable states is, however, not yet well known due to the difficulty of producing them in a specific manner and to study their population (no radiative deexcitation).
EXAMPLE
One of the most extensively studied metastable state is the 0, 'A, because of its interesting properties for organic reactions. The excited states 'A and '2 have almost the same bounding length and identical potential curves as the fundamental state 3Z. The radiative deexcitation of a 'A to X 3~ is not possible due to the selection rules but is possible with the spin orbit coupling and the life time of ' A is 3 900 s [141] . It is the same with 'C which life time is 12 s. However, as the collisions dipole transitions between these states become more probable, the following reactions can take place :
' A + 'A -t 3~ + 3C + hv ( A = 6 340 hi, z = 1. The 0 and 0, species are very undersirable because they desactivate very quickly the 02(' A). Also their reactivity with most organic species is much more important than the reactivity of 02('A), so they must be eliminated to study the reactions with the singulet oxygen. That is why in its experimental set up Dumas has disposed, just before the induction coupling, a small tank of mercury to be vaporized (R Fig. 17a ). In the discharge one has the reactions :
The last two reactions ( (5) and (6) the first term corresponding to a desactivation on the wall. The calculations made by Dumas [145] shows that with a glass tube of 0.5 cm, 1 m after the discharge zone the population of O,('A) is only decreased of 15 to 30%.
It is then possible to drive the 0, 'A to either tank G for a gaseous phase reaction or in a tank R where the organic product is in liquid phase (Fig. 17b) . The different reactors used are represented on figure 17c . A for reactions with gas or liquid with a high vapour pressure, B for liquids with low vapour pressure and C for solids products dissolved in a convenient solvent.
Due to its analogy with the carbon-carbon bonding of an alcine one observes a specific chemical reactivity of O,('A) as for example its fixation on a double bonding C=C including a hydrogen atom in. a of the bonding and in a cis position. If there is no H in cx it is possible to get dioxetanes more or less stable giving a rupture of the bonding. But the most interesting case is the reaction with a double bonding in the aromatic cycle or in the heterocycle. One will find a summary of the reactions studied by Dumas in [147 to 1491.
3. Plasma chemistry with condensed phases. -A high temperature plasma (arc or HF at atmospheric pressure) is first a source to get high populations of excited states either by Boltzmann distribution at high temperature or by transfers with metastable (for example in an argon DC plasma jet it is possible to obtain density of the atomic metastables up to 6 x 1013 part/cm3 and if one injects cold nitrogen into such a plasma the excitation transfert allows overpopulation factors in the range 10'5-1020). However when these high temperature plasmas are used for solid materials treatment they are usually considered in the first approximation as a source of energy in LTE. So using the LTE hypothesis one calculates the thermodynamic and transport properties of the plasma itself. And then one must calculates mass and heat transfert between plasma and particles or solids and study successively fusion, vaporisation, chemical changes and condensation.
3.1 THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE PLASMA. -3.1.1 Thermodynamic properties. -For reactions in the gaseous phase we have seen that the concentration of the different species is the important parameter but for heat transfer the two important parameters are the specific heat and the enthalpy. The specific heat, is by definition, where is the mass enthalpy of the mixture. One obtains [I501 where cPi is the specific heat at constant pressure, xi the mole fraction, Hi the enthalpy of the species i and M the total mass of the mixture. In this expression the first term is the frozen 7, and the second the reaction term c, , which becomes important and shows maxima each time there is dissociation, ionisation or chemical reaction. For example [I501 figure 18 shows the different components of the specific heat at constant pressure for the system 1 C, 4 H, 20 and 2 Fe at atmospheric pressure. The very reactive nature of the mixture is indicated by the form of the C p curve. . 18. -C, versus T for the system C.H.O.F,, e-11.4.3.2.0 [150] . Figure 19 shows the enthalpy of the same mixture obtained by integration of Cp.
3.1 . 2 Transport properties. - The levels of mass and heat transfer between the plasma and the introduced material are determined by the viscosity and thermal conductivity of the plasma. In the LTE hypothesis these parameters are calculated by solving the integro-differential Boltzmann equation, usually by the Enskog's method of successive approximations [151, 1521. The perturbation function is found [I531 by using Sonine polynomial of order k, the problem being to find the minimum value of k that gives the best convergence of the series. For example [I54 to 1581 found that it is sometime necessary to carry out the calculations up to k = 4. In this calculations it is necessary to know the interactions potentials to determine the collision integrals. Unfortunately their is no data for plasmas of complex mixtures (C, H, 0 for example), and even for these who are known there is a large uncertainty about the interaction potential. The calculation of the viscosity is made with the pressure tensor [151] . For the thermal conductivity one must take into account the reaction conductivity [I 591 and the internal thermal conductivity [160] . Figure 20 shows the importance of the reaction conductivity when the ionisation of argon occurs and figure 21 shows the importance of the dissociation of hydrogen in a mixture or Ar-H, [161] . 
HEAT AND MASS
where Pr, Re, Sc are respectively the Prandlt, Reynolds and Schmidt number, ( the ionization degree and cp = eV,/kT. The differents correlations used are listed in tables I and 11. Usually the plasma transport properties used to calculate the reduced numbers are integrated over the range of temperature considered (plasma temperature, particle temperature).
When the material treated is used as electrode the problem becomes very complex [I63 to 1661. The heat flux going through the anode being :
where qc is the conduction and convection term, qr the radiative flux, Va the anode fall, cpa the work function of the anode material. Te the electronic temperature and je the electron current density.
The particle trajectoires are obtained by solving the Basset-Boussinesq-Oseen equation [I67 to 17 11. In this equation, the velocity variation is expressed through the drag coefficient C , expressed as a function of the Reynolds number [I67 to 1711 (see Table 111 ). For example figure 22 shows the velocity and temperature distribution of alumina 40 pm particles injected in an hydrogen plasma jet [loo] . This distribution calculated from the preceeding equations (knowing plasma temperature and velocity) is in good agreement with the measurement performed on 20-28 p particles (dark circles) and 50-63 pm particles (open circles).
For heat transfer one usually supposes that the whole energy coming from the plasma is absorbed by specific heat and lost by radiative transfer. For example figure 23 shows [I701 the calculated temperatures reached by alumina particles injected into a H F argon plasma (open circles : solid particle, dark circle liquid droplet and partially shaded circle : partially melted particle). However in such a calculation an important phenomenon has been neglected, the influence of the particle thermal conductivity and for example the experimental results of Lesin- Re < ski [100] shows more than 600 K of difference between the calculated and measured temperatures. This is due to the fact that for low thermal conductivity the heat flux leads to a fused zone at the surface of the particle and the vapour leaving the partially melted particle completely modifies the heat exchange [173] . Figure 24 shows the application of the calculation of the temperature history of iron particles of different diameters in a HF plasma, one has to note the change of slope near the Curie temperature due to the singular point of the thermal diffusivity. But unfortunately one has to emphasize that most of the thermal properties of the solids at high temperature are not well known. 3.3 PHYSICAL CHANGES OF SOLID MATERIALS IN PLASMA. -3.5.1 Plasma spraying. -Since 1960 DC plasma jets have been used to melt a powder feed and project the droplets at high velocity against a material to be coated. Any material, provided a few hundred degree Celsius between its fusion temperature and its vaporization or decomposition temperature may be sprayed. We do not wish here to make a general review of the sprayed materials (see for example [I74 to 1761) or of their use, but to emphasize the physical problems encountered that need to be solved. A plasma sprayed deposit consists of successive layers of material built up by the impact of molten droplets, projected at high velocity, which flatten against the substrate and solidify very rapidly. As we have seen the plasma jets are very inhomogeneous with high temperature gradients (see for example Fig. 5 ) corresponding to high transport properties gradient (see for example Fig. 21 ). The main problem is to introduce the particles inside the hot area of the plasma, which in very difficult because of its high viscosity. Measurement of the velocity of 18 ym diameter alumina particles at the end of the injector disposed orthogonaly to the plasma jet [104] shows that the particles with a velocity smaller than 20 m/s could not penetrate the plasma jet and remain on the periphery and cannot be melted and on the contrary with a velocity greater than 40 m/s they just go through the jet and are not melted. Unfortunately on a commercial scale the granulometry of the particles injected is rather large and it will be possible to give the good speed only to the particles in the center of the distribution. To get a good plasma coating one needs to have only completely melted particles flattening on the target and to eliminate the particles travelling at the periphery of the jet at a velocity of a few m/s compared to the velocity of the particles travelling in the central zone (greater than 100 m/s see Fig. 8 ). Due to the difference in kinetic energy, the particles along the periphery can be eliminated by a compressed air blast normal to the plasma jet close to the substrate [177] . For particles that penetrate the plasma jet, due to the high temperature and velocity gradients of the plasma (see Fig. 5 and 7 ) and large size distribution, the spray stream produced will contain particles with a wide range of velocity and temperature. If they are molten they will flatten on impact with the substrate. figure 25 and its properties can be regarded as resulting from the deformation and solidification processes of individual particles and their interaction on contact. The wetting and flow properties of the liquid droplets are of first importance since they will influence porosity and adhesion properties. The porosity is related to the particle temperature and velocity on impact. given by x = f l is of the order 10 hi for a contact of 10 ys. But on the contrary after grit blasting the adhesion decreases with the thickness of the oxide film formed on the substrate. Epitaxial growth and bonding occurs only when the substrate is at high temperature (greater than 1 300 OC for W spraying on W). So a lot of work remains to be done before the mechanism is properly understood. The crystal structure of the coating is often very different from the initial material crystal structure due to extremely rapid cooling and one observes the suppression of crystallisation or the formation of solid metastable phases [I85 to 1891. Some effects of preferred orientation of the crystals relative to the surface have also been observed with hexagonal structure (coating with controlled friction coefficients) [190] but they are not clearly understood.
3.3.2 Spheroidisation. -Melting of a particle results in the formation of a spherical drop under the action of surface tension forces and this shape is usually retained by the solid particle after solidification [191, 1921. For example this treatment is used for spheroidisation of Fe304 for photocopying and UO, for dispersed nuclear fuels, or to get structural changes as in the dissociation of zircon to ZrO, and SiO, allowing a preferential dissolution and the preparation of ZrO, [193] . Spheroidisation of quartz, clays, kyanite, mullite and others alumino-silicates results [194, 1951 in the formation of glasses of high melting point. The spheroidisation may also provide a purification effect by evaporation of some impurities (for example Fe, Mo, Na from A1203 [14] ).
RF plasma torches are generally used for spheroidisation of particles (long residence time and no pollution by electrodes) when a high purity is required. DC or AC arc plasma jets give rise to limitations in the particle size that may be treated because of the short residence time. Plasma furnaces with fluid convective cathodes (FCC) [I96 to 1981 or fluidized bed [199] which give longer residence times (mean temperature 5 000 K and mean velocity a few m/s) are more suitable for large scale spheroidisation of larger particles. From a physical point of view one has to mention that the FCC uses the Maecker effect [200 to 2023 that is to say magneto-hydrodynamic pumping near the cathode tip (for example at atmospheric pressure one has a reduction of the pressure of 0.02 atm at the cathode tip of an arc working in hydrogen with 500 A).
3.3.3
Vaporisation. - The vaporisation of a particle at atmospheric pressure requires a large amount of energy because, as vaporisation proceeds, the heat must be carried through the expanding vapour film on the particle surface (a silica particle of 200 pm would produce a cloud of vapour of 5 mm diameter). A number of theoretical models have been developed [203 to 2051 with probably an increase of the heat transfer due to the higher temperature of electrons [203, 2061 , specially when the material is used as electrode. To achieve the high transfer rate one uses mostly rotating plasma furnaces [207 to 2081 or arc transfered to the material being vaporized (using the material as anode see § 3.2) [209 to 2101.
Experiments have been done on Mg, Zn, Fe, Sb, A1 oxides [211, 2121 or tin slags [213] , but the most extensively treated material is silica with the aim of preparing ultrafine silica powder (used at a rate of about 10 000 t per year) [207, 208, 210, 214, 1991 . In all the cases the most important physical phenomena is condensation. The controlling step of condensation is nucleation, which takes place when the vapour pressure exceeds the equilibrium vapour pressure of the condensed phase in the system. Often a certain degree of undercooling is necessary before nucleation occurs at a significant rate. The rate equation for nucleation is as follows :
= Aexp (-$) the non constant preexponential term, A, is dominated by AG, which depends sensitively on supersaturation
where y is the interfacial energy. In plasma, nucleation occurs at a supersaturation of 2-3. The different studies specially on SiO, and TiO, [218, 2191 emphasize the rapidity of nucleation and the importance of coalescence for the final particle size. However condensation of silica is a special case because liquid silica is very viscous and crystallisation does not occur on cooling, the rate of coalescence may be estimated from equation developed for sintering by viscous flow [220] . From this theory coalescence to form spherical particles would be expected to cease at temperature below approximately 2 2000C. Condensation under this temperature, as is has been observed [208] , result in the formation of chains of very small particles.
For the materials which condense to liquid droplets rather than solid particles it is possible to condense two or more components to give liquid solution droplets [221] (A1,03-SiO,, A130,-Cr,03, ...).
At least the solidification of liquid droplets suspended in a cooling gas stream will be different of that observed under normal conditions because they will 'tend to undercool well below the equilibrium melting point before crystallisation. Due to the very high cooling rate (10,-lo6 K/s) both effects may result in the formation of metastable phases as discussed in detail by McPherson [221] . A number of studies C being condensed and D(,, a reaction gas, one has to compare the diffusion phenomena to the heat transfer phenomena (before diffusing, the vapour must be produced by heat transfer) Bonet [227] shows that the characteristic times dt, and dt, are such as :
where Cp is the specific heat of B, Tg the plasma temperature, Tp the particle temperature, p,, the mass concentration of the vapour at the particle surface and AHT the enthalpy flux (including the reaction enthalpy). Usually AH, > Cp(Tg -T,). So if p,, is important then the decomposition process cannot be neglected for particle with (p < 200 pm). On the contrary for the reduction of Fe203 with hydrogen or carbon in plasma furnace [229] the process seems to be controlled by diffusion. The diffusion time for 60 p Fe203 particles is high (0.1 s) and the main problem is to use a plasma device with a long residence time to allow the chemical reaction to proceed to a significant extent. Falling film furnaces are very well suited for this; they make use of a hollow cylindrical anode into which the particles are fed in a gas vortex, melting to form a liquid falling film on the anode wall. The melted film is heated by the plasma as in others configurations but is also heated by the Joule effect and electron condensation (anode) thus enhancing the efficiency of the heat transfer to the reactants and reducing the heat losses to the electrodes. The first furnace of this type was designed for MHD research [235] but the most efficient is that of Mac Rae figure 26 [236] used at a power level of 1 MW for iron ore reduction and of 400 kW for ferrovanadium preparation [237] . Conclusion. -If plasma chemistry is known since the beginning of the century, a lot of experiments (some zoological description) has been made between 1955 and 1970. However important progresses have been achieved only in the seventies with the improvement of measurement techniques. This helped to identify, in homogeneous reactions, the role of the excited states and of the kinetic, electronic, vibrational and rotational excitation and to show that the most important part of plasma chemistry is the quenching of the excited new species formed. For heterogeneous reactions the improvement of the measurement techniques allows a better understanding of the heat and mass transfer phenomena between the plasma and the particles.
Among the diagnostic techniques used one has to emphazise the use of laser diagnostic, either to determine by fluorescence the rate coefficients of reactions with excited species specially the metastable ones that may allow specific stereochemistry or to study the particles velocity and diameter.
In the future as electricity becomes the most reliable and versatile source of energy, industrial uses of plasma chemical reactors will become increasingly attractive because : 1) they can be operated and stopped very quickly; 2) their energy density is very high and the reaction are very fast compared to the classical reactors allowing the use of small units with a rather low investement cost ;
3) they are usually not polluting.
However, a lot of progress has yet to be made to further understand what happens during plasma treatment from a microscopic point of view in order to improve the conversion rates and the specific energy consumptions of the reactors. For example catalysis seems to be very promising but almost everything remains to be done.
The main areas of research in plasma chemistry seems now to be : production of molecules with high added values either in organic chemistry or for ceramics with specific cristalline structure.. . production of molecules with low added values improving the conversion rates and energy consumption, in particular, due to the oil crisis, researches are developped for NO production from air, C,H2 and C2H, from coal ... 
